10

15

20

bioRxiv preprint doi: https://doi.org/10.1101/432567; this version posted October 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

dream: Powerful differential expression analysis for repeated
measures designs

Gabriel E. Hoffman*!?3, Panos Roussos!?34:

! Pamela Sklar Division of Psychiatric Genomics,

2 Icahn Institute for Genomics and Multiscale Biology,

3 Department of Genetics and Genomic Sciences,

4 Department of Psychiatry,

Icahn School of Medicine at Mount Sinai, New York, NY, USA

5 Mental Illness Research, Education, and Clinical Center (VISN 2 South), James J. Peters VA Medical
Center, Bronx, NY, USA

* Corresponding author: G.E. Hoffman (gabriel.hoffman@mssm.edu)

Large-scale transcriptome studies with multiple samples per individual are widely used
to study disease biology. Yet current methods for differential expression are inadequate
for these repeated measures designs. Here we introduce a novel method, dream, that
increases power, controls the false positive rate, integrates with standard workflows, and
yields biological insight in multiple datasets.

Recent advances in the scale of transcriptomic and, more generally, functional genomic studies has
enabled assaying individuals from multiple tissues!, brain regions?, cell types?, time points*® or in-
duced pluripotent stem (iPS) cell lines”1°. These studies with multiple samples from each individual
can test region- or context-specific effects, and decouple biological from technical variation in gene
expression. Yet current analysis methods do not adequately model the complexity of these studies and
can result in loss of power or, more problematically, a large number of false positive findings 12,

While other software gives state-of-the-art performance on datasets with a single measurement per
individual > 16, these methods are not adequate for repeated measures designs. This is not a short-
coming of a particular normalization procedure, but rather due to the common assumption that samples
are statistically independent. This core assumption is violated in the case of repeated measures and
existing methods can perform very poorly in this case. The challenge of modeling repeated measures,
and especially the risk of false positives, has been raised''!2. Yet there is currently no adequate sta-
tistical solution for differential analysis of transcriptome or functional genomics data.

Here we present a novel statistical model, dream, that enables powerful analysis of repeated measures
data while properly controlling the false positive rate. Dream is available within the variancePartition!”
Bioconductor package (http://bioconductor.org/packages/variancePartition/) and
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combines:

e random effects estimated separately for each gene!”

e ability to model multiple random effects!®

e fast hypothesis testing for fixed effects in linear mixed models®®

e small sample size hypothesis test to increase power?’

e cmpirical Bayes moderated t-test?!

e precision weights to model measurement error in RNA-seq counts 322

e seamless integration with the widely used workflow of limma??

The performance of dream was compared to current methods on biologically realistic simulations. The
methods can be divided into four categories: 1) dream using default settings or a Kenward-Roger ap-
proximation (termed dream-KR), which is more powerful but much more computationally demanding;
2) duplicateCorrelation from the limma/voom workflow?3; 3) DESeq2!* and limma/voom ! including
all samples but ignoring the repeated measures design; and 4) DESeq2 and limma/voom with only a
single replicate per individual.

The two dream methods are more powerful than the other methods (Fig. 1). Across a range of
simulations of 4 to 50 individuals each with 2 to 4 biological replicates, the two dream methods have
a lower false discovery rate (Fig. 1A, Supplementary Fig. 1), better precision-recall curves (Fig.
1B, Supplementary Fig. 2), and larger area under the precision-recall (AUPR) curve (Fig. 1C,
Supplementary Fig. 3).

A test of differential expression must control the false positive rate accurately in order to be use-
ful in practice. As expected!!!2, the methods that include all samples but ignore the correlation
structure do not control the false positive rate (Fig. 1D). This lack of type I error control is present
in all simulation conditions (Fig. 1E, Supplementary Fig. 4). Even more concerning, increasing
the number of repeated measures can dramatically increase the false positive rate. Notably, dupli-
cationCorrelation shows a slight increase in type I error at larger sample sizes. Higher type I error
can translate into hundreds of false positive differentially expressed genes even when no genes are
truly differently expressed (Supplementary Fig. 5). Importantly, both versions of dream accurately
control the type I error with sufficient sample size.

The two versions of dream give the highest AUPR across all simulation conditions (Fig. 1F) while
properly controlling the false positive rate. While dream-KR gives the best performance, especially
at small sample sizes, the computational time required can be prohibitive. Using dream with the de-
fault settings performs nearly as well in simulations, but can be 2-20x faster (Supplementary Fig. 6).

Applying dream to empirical data gives biological insight for 3 neuropsychiatric diseases with different
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genetic architectures (Fig. 2). Alzheimers’s disease is a common neurodegenerative disorder with a
complex genetic architecture?®. In analysis of RNA-seq data from 4 regions of post mortem brains from
26 individuals?®, dream identified known patterns of dysregulation in genes involved in adipogenesis,
inflammation and monocyte response associated with Braak stage, a neuropathological metric of dis-
ease progression (Fig. 2A, Supplementary Fig. 7). Applying duplicateCorrelation only recovered
a subset of these findings and produced larger false discovery rates across many biologically relevant
gene sets. In order to avoid using arbitrary cutoffs to identify differentially expressed genes, gene set
enrichments were evaluated using the differential expression t-statistics from each analysis (see Online
Methods). Notably, the difference between dream and duplicateCorrelation is due to the way that
these methods account for expression variation explained by variance across individuals (Fig. 2B).
Genes with expression variation across individuals that is larger than the genome-wide average are sus-
ceptible to being called as false positive differentially expressed genes (see Online Methods) (Fig. 2C).

Timothy syndrome is a monogenic neurodevelopmental disorder caused by variants in the calcium
channel CACNAI1C. Induced pluripotent and derived cell types were generated from 2 affected and 4
unaffected individuals an expression was assayed by microarray2®. Since up to 6 lines were generated
per donor for each cell type, it is necessary to account for repeated measures design. Analysis with
dream identified differentially expressed genes enriched for brain, neuron, synapse and ion channel
function, while duplicateCorrelation was not able to identify many of these gene set enrichments (Fig.
2D, Supplementary Fig. 8).

Childhood onset schizophrenia is a severe neurodevelopment disorder, but the genetic cause is complex
with patients having a higher rate of schizophrenia-associated copy number variants, as well as higher
schizophrenia polygenic risk scores?” 2. RNA-seq data was generated from iPS-derived neurons and
neural progenitor cells from 11 patients with childhood onset schizophrenia” and 11 controls with up to
3 lines per donor and cell type. Analysis with dream identified gene sets involved in neuronal function
at the 5% and 1% FDR levels that were not identified by duplicateCorrelation (Supplementary Fig.
9, 10).

We have demonstrated that dream has superior performance in biologically realistic simulations while
retaining control of the false positive rate. Furthermore, dream is able to identify biologically mean-
ingful gene set enrichments in three neuropsychiatric disorders with different genetic architectures
where the current standard for repeated measures designs, duplicateCorrelation, cannot. Since dream
is built on top of the limma?? and variancePartition!” workflow, it can easily accommodate expres-
sion quantifications from multiple software packages including featureCounts??, kallisto®?, salmon?®!,
and RSEM?2, among others. Moreover, dream works seamlessly for differential analysis of ATAC-seq
or histone modification ChIP-seq data. The power, type I error control, simple R interface, speed
and flexibility of dream enables analysis of transcriptome and functional genomics data with repeated

measures designs.
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Online Methods

Linear mixed models are commonly applied in biostatistics, in order to account for the correlation
between observations from the same individual in a repeated measures study3*3*. We start with a
description of a simple linear model for differential expression analysis and build towards the dream
model.

Linear models for differential expression

Consider a linear model for a single gene
Yg = X By + &4 (1)

where y, is a vector of log, counts per million for gene g, the matrix X stores covariates as columns,
By is the vector of regression coefficients, and ¢, is normally distributed error. In order to account for
heteroskedastic error from RNA-seq counts, the error takes the form

gy ~ N(0,diag(w,)o?) (2)

g

where o7 is the residual variance, and wy is a vector of precision weights'®. Precision weights can

be learned from the data in order to account for counting error in RNA-seq or variation in sample
quality >?2. In this case, the estimates 3, can be obtained by a closed form least squares model fit.

Moderated t-statistics for linear models

Since this model is fit for thousands of genes, the widely used limma model?! uses a hierarchical model
that imposes a prior distribution on the residual variances ag. This approach borrows information
across genes and produces moderated t-statistics that increase power and reduce false positives com-
pared to standard t-statistics. Briefly, the moderated t-statistic for gene g and a subset of regression

coefficients k is defined by a function f where

Bk = Fanor (Bokr 02 Vo d) (3)
 Jdy+d By
B d — 5 (4)
\/[ag + (do/d)ao] Vi

and follows a t-distribution with d + dy degrees of freedom, where Bg,k and 63 are the estimates of

the regression coefficients and residual variance, respectively; V, ;. is the unscaled covariance matrix
of B,4; and d is the residual degrees of freedom of the model fit. The terms dy and o2 are the prior
residual degrees of freedom and prior residual variance, respectively. These values are estimated using
an empirical Bayes approach combining the models fit for all genes. See Smyth?! for details of the
empirical Bayes estimation of dy and o3, and derivation of f.
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Accounting for repeated measures with a two step model: duplicate correlation

The most widely used approach for handing repeated measures in differential expression analysis is
the duplicateCorrelation () function available in limma?3. This approach involves two steps.
In the first step, a linear mixed model is fit for each gene separately, and only allows a single random
effect. The model is

Yyg = XPg+Zag+e, (5)
Qg ~ N(07 Tg2> (6)
where Z is the design matrix for the random effect, with coefficients o, drawn from a normal distri-

bution with variance 792. After fitting this model for each gene, a single genome-wide variance term is
computed according to

~—

e,
7% = tanh <é Z atanh (7'5)) (7
g=1

where G is the number of genes, tanh is the hyperbolic tangent and atanh is its inverse.

In the next step, this single variance term, 72

fit for each gene, blocking by individual:

, is then used in a generalized least squares model

Yy = XBy+gg (8)
gg ~ N(0,diag(w,)%.) (9)
1 72 0 0 0
7?2 1 0 0 0
Y. = 0 0 . 0 0 (10)
0O 0 0 1 72
0o 0 0 72 1

where 3. is the covariance between samples and considers the correlation between samples from the
same individual. Note that the same 72 value is used for all genes. The moderated t-statistics are
defined as before.

The duplicateCorrelation method allows the user to specify a single random effect usually correspond-
ing to donor. So it can’t model multi-level design. Moreover, duplicateCorrelation estimates a single
variance term genome-wide even though the donor contribution of a particular gene can vary substan-
tially from the genome-wide trend!”. Using a single value genome-wide for the within-donor variance
can reduce power and increase the false positive rate in a particular, reproducible way. Consider the
variance component for gene g, 7'92 , compared to the single genome-wide value, 72. For genes where
792 > 72, using 72 under-corrects for the donor component so that it increases the false positive rate of
gene g compared to using 792. Conversely, for genes where T92 < 72, using 72 over-corrects for the donor
component so that it decreases power for gene g. Increasing sample size does not overcome this issue.
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Using the single variance term genome-wide and using the tanh and atanh are designed to address the
high estimation uncertainly for small gene expression experiments. However, using this single variance
term has distinct limitations. First, it ignores the fact that the contribution of the random effect often
varies widely from gene to gene!”. Using a single variance term to account for the correlation between
samples from the same individuals over-corrects for this correlation for some genes and under-corrects
for others. In addition, it is a two step approach that first estimates the variance term and then
estimates the regression coefficients. Thus, it does not account for the statistical uncertainty in the
estimate of 72. Finally, it does not account for the fact that estimating the variance component changes
the null distribution of Bg. Specifically, estimating variance components in a linear mixed model can
substantially change the degrees of freedom of the null distribution for fixed effect coefficients!%20:35-37,
Ignoring this issue can lead to false positive differentially expressed genes.

Dream model

The dream model extends the previous model in order to
e cnable multiple random effects
e cnable the variance terms to vary across genes
e estimate residual degrees of freedom for each model from the data in order to reduce false positives
e perform hypothesis testing with moderated t-statistics using empirical Bayes approach

The definition of the dream model follows directly from the definition of the previous models. First,
consider a linear mixed model for gene g with an arbitrary number of random effects:

vy = XBy+ > Zjad) +¢, (11)
J
af) = N(0,75,) (12)

where Z; is the design matrix for the j¥ random effect, with coefficients Ozg(,j ) drawn from a normal
distribution with variance Tg27j. As before, heteroskedastic errors are modeled with precision weights
with

g, = N(0, diag(w,)o?). (13)

In this case, estimates of coefficients 3, and variance components 63 ; must be obtained via an iterative
optimization algorithm 8.

For the linear model and generalized least squares model described above, the residual degrees of
freedom is fixed based on the number of covariates and the sample size:

d=N—p (14)
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where N is the number of samples, and p is the number of covariates. For the single-step linear mixed
model, we can explicitly account for the fact that estimating the random effect changes the residual
degrees of freedom of the model %3737 Thus let d, be the residual degrees of freedom for gene g.
We omit the statistical details here, but d, can be estimated from the model fit using the Satterthwaite
approximation'%3” or the Kenward-Roger approximation -3¢,

Afterwards, the moderated t-statistics are computed as
o _ 5 a2
tg,k = fdo,ag (59,167 O'g, ‘/;], dg) (15)

so that Z, ;. follows a t-distribution with d,+dy degrees of freedom. Since d, can vary substantially across
genes, the moderated t-statistics for all genes are transformed to have the same degrees of freedom.
The ¢, values are transformed using the cumulative distribution function of the t-distribution to
produce £, which follows a t-distribution with d degrees of freedom. Thus the pair {#,,d,} gives the
same p-value as {t'g,k, d}, but Ifg,k is easier to interpret across genes since the transformation makes the
degrees of freedom constant.

Software

The dream () method is available in the variancePartition'” package

(http://bioconductor.org/packages/variancePartition/) from Bioconductor version
> 3.7.

Implementation

Precision weights are estimated using voom () in the limma package!®?!. Linear mixed models are

estimated using lmer () from the lme4 package!®. Estimating the residual degrees of freedom is
performed with either Satterthwaite approximation®” in the ImerTest package'® or the Kenward-Roger
approximation®® in the pbkrtest package?’. Moderated t-statistics are computed using an extension
of the eBayes () function in the limma package?!. Parallel processing of thousands of genes on a
multi-core computer is performed with doParallel®® and foreach®’. Visualization is performed with
ggplot240,

Simulations

The true expression values were simulated from a linear mixed model with two components: vari-
ance across individuals and variance across two disease classes (i.e. cases versus controls). Multiple
samples from the same individual are always in the same disease class. Variance across individuals
(i.e. heritability) accounts for 40% of the expression variation. Expression values were simulated for
20,738 protein coding genes from GENCODE v19, and 500 genes were differentially expressed with
a fold change of of 3, corresponding to a log, fold change of 1.58. Simulated read counts follow-
ing a realistic error model were then generated using polyester v1.14.0*. Approximately 30 million
total reads counts were generated for each sample. Simulations using a range of values for each of
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these parameters did not change the conclusions. Simulation and data analysis code is available at
https://github.com/GabrielHoffman/dream_analysis

Data analysis

Data for Timothy syndrome?® was downloaded from GEO at GSE25542. Data for childhood onset
schizophrenia” was downloaded from https://www.synapse.org/#!Synapse:syn9907463.
Post mortem brain RNA-seq data from Alzheimer’s and controls?® was downloaded from https:
//www.synapse.org/#!Synapse:syn3159438. Analysis was performed on individuals from
European ancestry that were assayed in each of 4 brain regions (Brodmann areas 10, 22, 36 and 4),
had ApoE genotype data, had Braak stage information, and were either controls or definite AD pa-
tients (i.e. possible and probable cases were excluded). Differential expression analysis corrected for
batch, sex, RIN, rRNA rate, post mortem interval, mapping rate and ApoE genotype.

Enrichment analysis was performed with cameraPR in the limma package?. In order to avoid us-
ing arbitrary cutoffs to identify differentially expressed genes, gene set enrichments were evaluated by
applying cameraPR to the differential expression t-statistics from each analysis.

Reproducible analysis code, figures, and statistics from differential expression and enrichment analyses
are available at https://github.com/GabrielHoffman/dream_analysis.
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Figure 1: Performance on biologically realistic simulated data. A,B,C,D) Performance from 50
simulations of RNA-seq datasets of 8 individuals each with 3 replicates. A) False discoveries plotted against the
number of genes called differentially expressed by each method. B) Precision-recall curve showing performance
in identifying true differentially expressed genes. Dashed line indicates performance of a random classifier. C)
Area under the precision-recall (AUPR) curves from (B). Dashed line indicates AUPR of a random classifier.
D) False positive rate at p < 0.05 evaluated under a null model were no genes are differentially expressed
illustrates calibration of type I error from each method. As indicated by the dashed line, a well calibrated
method should give p-values < 0.05 for 5% of tests under a null model. E,F) Performance summary for
simulations with between 4 to 50 individuals with between 2 to 4 replicates. For each condition, 50 simulations
were performed for a total of 1800. E) False positive rate at p < 0.05 for simulations versus the number of
individuals and replicates. Black dashed line indicates target type I error rate of 0.05. F) AUPR for simulations
versus the number of individuals and replicates.
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Figure 2: Application to transcriptome data from neuropsychiatric disease. A) Gene set enrichment
FDR for genes associated with Braak stage. Results are shown for dream and duplicateCorrelation. Lines
with broad and narrow dashes indicate 5% and 1% FDR cutoff, respectively. B) Comparison of —log;, p-
values from applying dream and duplicateCorrelation to Braak stage. Each point is a gene, and is colored
by the fraction of expression variation explained by variance across individuals. Black solid line indicates a
slope of 1. Dashed line indicates the best fit line for the 20% of genes with the highest (red) and lowest
(blue) expression variation explained by variance across individuals. C) Expression of TUBB2B stratified by
individual and colored by Braak stage so that each box represents the expression in the multiple samples from
a given individual. Bar plot of variance decomposition shows that 68.3% of variance is explained by expression
variance across individuals. Since this value is much larger than the genome-wide mean, duplicateCorrelation
under-corrects for the repeated measures. D) Gene set enrichment FDR for genes associated with Timothy
syndrome compared to controls in four cell types or conditions.

13


https://doi.org/10.1101/432567
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/432567; this version posted October 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Supplementary Figures

dream-KR == Full data, ignore corr (DESeQq2) = Single replicate (DESeq2) ==
dream == Full data, ignore corr (limma/voom) ==  Single replicate (limma/voom) =
duplicateCorrelation (limma/voom) ===

2 3 4 2 3 4
50 A 50
40 A 40
301 N 30+ -
20 4 201 &
10 1 10 1
0- 0-
50 A 50
40 A 40
301 ° 30 -
204 20 @
10 1 10 1
0- 0-
50 A 50
40 4 40
» 307 o o 307 S
2 20+ 2 204
g ol g o]
g 50 - g 50 4
© ©
o 40+ o 404
= 30- | 2 30- o
" 20- ° 1 " 204 ©
10 1 10 1
0- 0-
50 A 50
40 A 40
301 - 30+ ~
20 - ~ 20 °
10 1 10 1
0- 0-
50 A 50
40 A 40
301 - 30+ o
20 - = 204 °
10 1 10 1
0Ot ] [ R S N <
0 100 200 3000 100 200 3000 100 200 300 0 200 400 O 200 400 O 200 400
genes selected genes selected

Supplementary Figure 1: False discovery rates for multiple simulation conditions. False discoveries
plotted against the number of genes called differentially expressed by each method. Results are shown for
between 4 and 50 individuals (rows) and 2 to 4 replicates (columns). For each combination, 50 simulated
datasets were analyzed.
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Supplementary Figure 2: Precision-recall curves for multiple simulation conditions. Plots shows
performance in identifying true differentially expressed genes. Dashed lined indicates performance of a random
classifier. Results are shown for between 4 and 50 individuals (rows) and 2 to 4 replicates (columns). For each
combination, 50 simulated datasets were analyzed.
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Supplementary Figure 3: Area under the precision-recall (AUPR) for multiple simulation condi-
tions. Dashed line indicates AUPR of a random classifier. Results are shown for between 4 and 50 individuals
(rows) and 2 to 4 replicates (columns). For each combination, 50 simulated datasets were analyzed.
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Supplementary Figure 4: False positive rate for multiple simulation conditions. False positive rate
at p < 0.05 evaluated under a null model were no genes are differentially expressed illustrates calibration of
type I error from each method. As indicated by the dashed line, a well calibrated method should give p-values
< 0.05 for 5% of tests under a null model. Results are shown for number of individuals between 4 and 50
(rows), and replicates between 2 and 4 (columns).
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Supplementary Figure 5: Number of genes passing FDR cutoff of 5% in a null simulation. False
discoveries plotted against number of individuals for simulations with between 4 to 50 individuals with between
2 to 4 replicates from Figure 1. The values shown are averaged across 50 simulations for each condition. The
analysis considered only genes that were not differentially expressed in the simulation, so that there are no
true positive genes and all positive genes are false positives.
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Supplementary Figure 6: Run time comparison. Run time for was evaluated on the simulated datasets
using 12 threads on a 12 core Intel(R) Xeon(R) CPU E5-2620 v3 @ 2.40GHz. Each combination of individuals,
replicates, methods and threads was evaluated on 2 simulated datasets. Lines show loess smoothing. The
formula used was: ~ Disease + (1]Individual).
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duplicateCorrelation.
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Supplementary Figure 8: Gene set enrichment FDR for top 20 genesets from differential expres-
sion analysis of Timothy Syndrome. Enrichment FDRs were computed using t-statistics from dream and
duplicateCorrelation analysis of A) neurons at rest, B) iPSC, C) neurospheres, and D) neurons in 67 mM

KCI for 9 h.
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Supplementary Figure 9: Application to transcriptome data from childhood onset schizophrenia.
A) Comparison of — log;, p-values from applying dream and duplicateCorrelation to disease status in neurons.
Each point is a gene, and is colored by the fraction of expression variation explained by variance across
individuals. Black solid line indicates a slope of 1. Dashed line indicates the best fit line for the 20% of genes
with the highest (red) and lowest (blue) expression variation explained by variance across individuals. B) Gene
set enrichment FDR for genes associated with disease status in iPS-derived neurons and neural progenitor cells.
Results are shown for dream and duplicateCorrelation. Lines with broad and narrow dashes indicate 5% and

1% FDR cutoff, respectively.

22


https://doi.org/10.1101/432567
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/432567; this version posted October 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

A) NPC

c2.KEGG_OXIDATIVE_PHOSPHORYLATION

KEGG_OXIDATIVE_PHOSPHORYLATION

©2.ZHANG_TLX_TARGETS_60HR_DN

kirov_synaptic.sets_Pre—synaptic_active_zone

kirov_psych.ed.set_Pre-synaptic_active_zone

¢5.GO_LYTIC_VACUOLE_MEMBRANE

¢5.GO_CLATHRIN_VESICLE_COAT

kirov_psych.ed.set_Pre-synapse

2. DUTERTRE_ESTRADIOL_RESPONSE_24HR_UP

kegg_Synaptic_vesicle_cycle

KEGG_SYNAPTIC_VESICLE_CYCLE

2.REACTOME_EGFR_DOWNREGULATION

©5.GO_PROTON_TRANSPORTING_TWO_SECTOR_ATPASE_COMPLEX

trivalent inorganic cation transport

transferrin transport

ferric iron transport

c2KEGG_LYSOSOME

KEGG_LYSOSOME

©5.GO_PHAGOSOME_MATURATION

kegg_Lysosome

€5.GO_VACUOLAR_MEMBRANE

©¢5.GO_VESICLE_COAT

The_itric_acid_(TCA)_cycle_and_respiratory._electron_transp

regulation of defense response to virus by virus.

The_role_of_Nef_in_HIV-1_replication_and_disease_pathogenes
2.REACTOME_THE_ROLE_OF NEF_IN_HIV1_REPLICATION_AND_DISEASE

Nef-mediates_down_modulation_of_cell_surface_receptors_by_r

©5.GO_REGULATION_OF_DEFENSE_RESPONSE_TO_VIRUS_BY_VIRUS

hHALLMARK_OXIDATIVE_PHOSPHORYLATION

2 REACTOME_NEF_MEDIATES_DOWN_MODULATION_OF CELL_SURFACE_REC

©5.G0_SMOOTHENED_SIGNALING_PATHWAY'

smoothened signaling pathway

Peptide_chain_elongation

Eukaryotic_Translation_Termination

viral genome expression

embryonic skeletal system morphogenesis
c2KEGG_RIBOSOME
c2 REACTOME_PEPTIDE_CHAIN_ELONGATION

Eukaryotic_Translation_Elongation

Nonsense_Mediated_Decay_Independent of_the_Exon_Junction_Co
Viral_mRNA_Translation
viral transription

aCC-BY-NC-ND 4.0 International license.

B) Neuron

©5.GO_BITTER_TASTE_RECEPTOR_ACTIVITY
©5.GO_TASTE_RECEPTOR_ACTIVITY
©5.GO_DETECTION_OF_CHEMICAL_STIMULUS_INVOLVED_IN_SENSORY_PER
Class_C

CMC-modules_yellow

©5.60_SENSORY_PERCEPTION_OF_TASTE

sensory perception of taste

abnormal_maxillary_shelf_morphology
©5.GO_DNA_PACKAGING_COMPLEX
abnormal_pterygoid_process_morphology
C2.FAELT_B_CLL_WITH_VH_REARRANGEMENTS_DN
¢7.GSE22886_NAIVE_CD4_TCELL_VS_DC_DN
¢7.GSE16385_IFNG_TNF_VS_IL4_STIM_MACROPHAGE_ROSIGLITAZONE_TR
2 HORTON_SREBF_TARGETS

DARPP-32_events

c2.KIM_ALL_DISORDERS_CALB1_CORR_UP

2. REACTOME_DARPP_32_EVENTS
©c2.REACTOME_CHOLESTEROL_BIOSYNTHESIS
Cholesterol_biosynthesis
©c2.REACTOME_RNA_POL_I_PROMOTER_OPENING
€5.G0_NUCLEAR_NUCLEOSOME
KEGG_OXIDATIVE_PHOSPHORYLATION

2. SCHMIDT_POR_TARGETS_IN_LIMB_BUD_UP
©5.G0_PROTON_TRANSPORTING_TWO_SECTOR_ATPASE_COMPLEX
kegg_Synaptic_vesicle_cycle

KEGG_SYNAPTIC_VESICLE_CYCLE

2 REACTOME_MEIOTIC_RECOMBINATION
©c2.KEGG_OXIDATIVE_PHOSPHORYLATION

COP9 signalosome

abnormal_palate_bone_morphology-

2. SESTO_RESPONSE_TO_UV_CO

KEGG_PARKINSON'S_DISEASE
Metabotropic_glutamate._receptor_group_Ii_pathway
€5.G0_MHC_PROTEIN_COMPLEX

MHC protein complex

negative regulation of glial cell differentiation
atc.level3-new_ARTERIOLAR_SMOOTH_MUSCLE_AGENTS_ACTING_ON

MR AN

23

T
~logyo FDR

7
~log;o FDR

dream ===

duplicateCorrelation ===

Supplementary Figure 10: Gene set enrichment FDR for top 30 genesets from differential ex-
pression analysis of childhood onset schizophrenia. Enrichment FDRs were computed using t-statistics
from dream and duplicateCorrelation analysis of iPSC-derived A) neural progenitor cells (NPCs) and B)

neurons.
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